Freezing tolerant tea cultivars are urgently needed. The tea cultivars with highly freezing tolerance showed resistance to freezing stress induced photoinhibition. Freezing sensitivity index (H) of 47 tea clonal cultivars was investigated after severe freezing winter in 2016. To develop instrumental methods for freezing tolerance selection, the maximum photochemical efficiency of photosystem II (PSII) (Fv/Fm) and leaf color indicator a on the Hunter color scale were determined on control group (non-frozen) and frozen group (being frozen at −15 • C for 2 h and then stood at 20 • C for 5 h) of the cultivars. When the two indicators were expressed as the ratios (R Fv/Fm and R a ) of frozen group to control group, linear regression of the freezing sensitivity index (H) upon the R Fv/Fm and R a produced significant relationship respectively, i.e., H = 60.31 − 50.09 R Fv/Fm (p < 0.01) and H = 30.03 − 10.82 R a (p < 0.01). Expression of gene psbA encoding D1 protein and gene psbD encoding D2 protein in PSII showed that the frezzing tolerant tea cultivars maintained a high expression level of psbA after freezing stress, which is considered to be beneficial to de novo synthesis of D1 protein and sustaining PSII activity. These findings can provide instrumental tools for assessing freezing tolerance of tea cultivars in tea breeding program. tea cultivar [4] [5] [6] [7] [8] . However, there is a long way to go for applying these indicators in tea breeding practices. Actually, field survey is still an indispensable method to evaluate the freezing tolerance of the tested tea lines, in which freezing-induced injuries of various tea accessions grown in the same field were assessed after severe freezing weather in winter. However, this operation is highly weather dependent and time consuming. The freezing tolerance assessment could not be carried if the winter was warm. It is necessary to develop feasible instrumental methods for assessing the freezing tolerance of tested tea cultivars to guide freezing resistance tea breeding.
Introduction
Low temperature affects the growth, development, and productivity of tea plants, and severe freezing winter conditions at high latitudes limit the distribution of tea plants and the expansion of tea production areas. However, there are obvious differences in freezing tolerance between tea cultivars [1] . For example, tea cultivar 'Yinghong 1', bred from descendants of Camellia assamica could not survive in the lower reaches of Yangtze River around 30 • N latitude where the lowest winter temperature is about −6 • C, whereas cultivar 'Lucha 1' bred from descendants of Camellia sinensis grows well in Qingdao City, China where the latitude is 36 • N and the lowest winter temperature is below −10 • C. Breeding and cultivating freezing tolerant tea cultivars is an effective way to conquer freezing stress in winter at high latitude tea areas.
Assessing the freezing tolerance of tea cultivar or tea line from the tested hybrid population or tea lines is a key technique for breeding freezing tolerance tea cultivar. To accelerate the freezing tolerance breeding, various indicators were introduced to evaluate the freezing tolerance potential of the tested tea cultivar. These indicators included the layers of palisade cell and the ratio of the palisade to spongy parenchyma in leaf transverse section [2] , leaf electrolyte leakage after freezing treatment [3] . Transcriptome sequencing was also used to explore genes or DNA markers linked to cold tolerance of
Results

Freezing Tolerance of Various Tea Cultivars
The field survey results showed that among the forty seven tested cultivars, four was rated as freezing sensitive, with an H index ≥ 50.00. Thirty-five was rated as moderate freezing sensitive, with H indexes ranging from 20.00 to <50.00. One was rated as freezing tolerant, with an H index 18.33, and seven was rated as highly freezing-tolerant, with H indexes < 10.0 ( Table 1 ). These suggest that there were obvious differences in freezing tolerance between various tea cultivars and cultivating Plants 2019, 8, 434 3 of 14 tea cultivars with freezing tolerance will be an affective measure to conquer freezing winter weather in high latitude tea areas. 
Effects of Freezing on Fv/Fm of Leaves of Various Tea Cultivars
Fv/Fm is an indicator of the maximum photochemical efficiency of PSII and it can be used to assess the PSII activity [25] . The Fv/Fm was determined from the ratio of variable (Fv) to maximum (Fm) fluorescence (Fv/Fm = (Fm − F 0 )/Fm) [26] . Table 2 shows that the mean value of Fv/Fm was significantly decreased from 0.745 to 0.526 (p < 0.001). The mean value of Fv/Fm ratio of frozen group to control group was 0.706, suggesting that 29.4% of the maximum photochemical efficiency of PSII was lost after freezing treatment, in which there were obvious differences in the freezing-induced decrease in Fv/Fm value between tea cultivars, ranging from a decrease by 66.3% (freezing sensitive cultivar '5-62') to a decrease by 4.2% (highly freezing tolerant cultivar '4-52') (Tables 1 and 2). These suggest that the responses of various tea cultivars to the freezing-induced decrease in Fv/Fm were differentiated, in which it decreased more in freezing sensitive cultivars than highly freezing-tolerant cultivars. Statistics showed that the Pearson's linear correlation coefficient (r) between freezing sensitivity index (H) and Fv/Fm ratio of frozen group to control group (R Fv/Fm ) was −0.610 (p < 0.01), with a linear regressive relationship as H = 60.31 − 50.09 R Fv/Fm (p < 0.01, n = 47) (Table S1 ), suggesting that the freezing tolerance of a tea cultivar can be predicted by its R Fv/Fm value.
Effects of Freezing on Expression of Genes Involved in PSII Proteins D1 and D2
The photosynthetic proteins play an important role in preventing PSII from photodamage under environmental stress conditions [27, 28] . Among the various subunits in the PSII reaction center (RC), D1 protein encoded by chloroplast psbA is a major target that is easily injured by environmental stress [29] . The timely synthesis of new D1 protein is key to PSII functional recovery [30] and D2 protein encoded by psbD gene is closely related to the repair of D1 protein [31] . Therefore, the transcription of the psbA and psbD genes plays an extremely important role in the process of D1 protein turnover and PSII function during environmental stress conditions [32] . The present study showed that the expression of psbA and psbD in the freezing sensitive cultivar '5-62' was significantly decreased by freezing treatment (p < 0.05). However, the expression patterns of these two genes in highly freezing-tolerant cultivars such as '4-52' and '4-77' were differentiated by freezing treatment, in which psbA was significantly upregulated (p < 0.05) while psbD was downregulated. There were no significant differences in expression of psbA in moderate freezing-sensitive cultivars '5-72' and 'Fuding' after freezing treatment ( Figure 1 ). The freezing-induced upregulation of psbA gene in the highly freezing-tolerant tea cultivars might be beneficial to the balance of D1 protein and the PSII functional recovery during freezing stress. No obvious relationship was observed between the cold sensitivity index H and the expression level of psbD ( Figure 2 ). When calculating the relative expression values, the tested data were firstly normalized using βactin as an internal reference, and then made relative to the control of '4-52' in which the expression value of '4-52' control was fixed as 1.0. When calculating the relative expression values, the tested data were firstly normalized using β-actin as an internal reference, and then made relative to the control of '4-52' in which the expression value of '4-52' control was fixed as 1.0.
When calculating the relative expression values, the tested data were firstly normalized using β-actin as an internal reference, and then made relative to the control of '4-52' in which the expression value of '4-52' control was fixed as 1.0. When calculating the relative expression values, the tested data were firstly normalized using βactin as an internal reference, and then made relative to the control of '4-52' in which the expression value of '4-52' control was fixed as 1.0. When calculating the relative expression values, the tested data were firstly normalized using βactin as an internal reference, and then made relative to the control of '4-52' in which the expression value of '4-52' control was fixed as 1.0.
Effects of Freezing on Leaf Color of Various Tea Cultivars
When values on Hunter color scales were used as color indicators, it was showed that the lightdark scale L value and green-red scale a value were significantly increased, whereas the blue-yellow scale b value significantly decreased after freezing treatment ( Table 3 ). The L is a white-black indicator, 
When values on Hunter color scales were used as color indicators, it was showed that the light-dark scale L value and green-red scale a value were significantly increased, whereas the blue-yellow scale b value significantly decreased after freezing treatment ( Table 3 ). The L is a white-black indicator, in which the sample would be a perfect reflecting diffuser when the L is at maximum value 100, and it would be black when the L is at minimum value 0. The a value is a green-red indicator, in which a positive a represents red color and a negative a represents green color. The b value is a blue-yellow indicator, in which a positive b suggests the sample is in yellow color and a negative b suggests the sample is in blue color [33] . The increase in the L value of the frozen group suggests that the color of the frozen leaves became lighter than the leaf color of control group after freezing treatment. The increase of value a from −11.66 to −6.27 in the frozen group suggests that the frozen leaves were less green in color than the control leaves. These might partially be due to the freezing-induced degradation of leaf photosynthetic pigments such as chlorophylls, and partially be due to the oxidation of foliar TP. The decrease in the b in the frozen leaves implies the frozen leaves became less yellow in color, which might be due to the loss of yellow pigments such as carotenoids.
Analysis of the Pearson's linear correlation coefficient (r) showed that there was a significantly negative correlation between the freezing sensitivity index (H) and the ratio of frozen group a to control group a (R a ) (r = −0.480, p < 0.01, n = 47), with a linear regressive relationship as H = 30.03 − 10.82 R a (p < 0.01) ( Table S1 ), suggesting that the freezing tolerance of a tea cultivar can be predicted by its R a value. The freezing sensitivity index H was not significantly correlated to the indicators R L and R b (Table S1 ). 
Discussion
Distribution of tea cultivars depends on their freezing tolerance. Cultivating tea cultivars with high freezing-tolerance is very important for the high latitude tea areas where the winter is severely cold. Tea plants were originated in tropical mountainous areas and they were usually sensitive to freezing environments, especially in the areas with severe winters. With the continuous expansion of tea planting areas to the high latitude areas and the artificial selection of cultivars, the freezing tolerance of tea plants or cultivars have been differentiated genetically [7] . Table 1 reveals that the tea cultivars with various freezing tolerances showed normal distribution rules, i.e., most of the cultivars showed moderate freezing-tolerant, while a few showed highly freezing sensitive or freezing-tolerant, being consistent with the previous reports [34, 35] . It is feasible to screen some tea plant individuals or lines from the existing tea germplasm resources or hybrids. However, the manual selection based on field surveys depends on weather conditions and it will take several years. It is necessary to develop objective instrumental methods for screening lines or plant individuals with high freezing-tolerance from the existing breeding materials (hybrid descendants, radiation and chemical induced mutants and natural mutants).
Freezing stress severely affects the growth and development of plants. The present study showed that there were obvious differences in freezing tolerance between tea cultivars (Table 1) , and these differences could be identified according to the freezing-induced changes in Fv/Fm of the tea leaves (R Fv/Fm ) ( Tables 1 and 2 ). Based on these findings, the present paper reveals a linear regressive relationship between freezing sensitivity index (H) and Fv/Fm ratio of frozen group to control group (H Fv/Fm ): H = 60.31 − 50.09 R Fv/Fm (p < 0.01) (Table S1 ). Chloroplast is extremely sensitive to low temperature stress and also one of the first organelles affected by suboptimal growing temperature [11] . Low temperature stress induced thylakoid super-complex rearrangements, resulting in differentiation of chloroplast structure between cold sensitive and cold tolerant plants [15] . Chilling induced changes in the grana thylakoid fluidity could distort the balance of photosystem rearrangements, resulting in sensitivity of cucumber to chilling [10] . Various ecotypes (Valonia utricularis) were differentiated in their potential to acclimate to suboptimal growth temperatures [9] . Cold stress led to reductions in photosynthetic rate in Elymus [36] . The primary freezing-triggered damage could be partially repaired, but further freezing-triggered dysfunction of the electron transfer between the PSII RCs and the primary quinone electron acceptor of PSII (QA) was connected with secondary damage leading to PSII deactivation. The Fv/Fm, an indicator that characterizes the efficiency of energy trapping in the PSII RCs, was different between the cultivars which had various freezing-tolerance capacities during the recovery stage [21] . The cold-tolerant ecotypes (Miscanthus and Saccharum) were able to cope with applied low temperature stress by down-regulating PSII RCs, whereas the cold-sensitive ecotypes had a generally lower capacity for dynamic photoinhibition and sustain photodamage [37] . The strong cold-tolerance of sorghum PSII to photo-inactivation was because of its more effective dissipation capacity of the excess of energy and to a more balanced diversion of the absorbed energy into alternative energy sinks [38] . In winter, the cold resistant tea cultivar always contains higher level of soluble carbohydrates than the cold sensitive cultivar, resulting in lower freezing point temperature in the former than that in the later [35] . During cold stress, cold-tolerant accessions of Arabidopsis thaliana maintain higher PSII activity and higher capacity for sucrose synthesis than the cold sensitive accessions [39] . That is why cold resistant inbred lines of crops could be screened by analyzing the ChlF under cold stress [19, 20, 22] .
The proteins D1 and D2 in chloroplast are two key subunits in the PSII RCs and they are present in association with chlorophyll and pheophytin [40] . The D1/D2 heterodimer may serve a similar function in PSII in a plant to that of the L/M pair in the bacterial reaction center [41] . The D1 protein is a key target of environmental stress [29] . The present study shows that the expression of gene psbA encoding D1 protein in freezing sensitive tea cultivars '5-62' was greatly downregulated whereas that in highly freezing-tolerant tea cultivars '4-52' and '4-77' was significantly upregulated after freezing treatment, with moderate freezing-sensitive cultivars '5-7' and 'Fuding' in between showing less change (Figure 1 ). This is consistent with the findings in Zea mays and Colobanthus quitensis that the cold tolerant genotypes were able to maintain D1 protein level after photoinhibitory conditions by upregulating psbA mRNA levels for the D1 biosynthesis [42, 43] . The involvement of D2 subunit in the responses to low temperatures may vary with plant species. A study on lotus species showed that the D2 subunit was more severely affected by low temperature exposure than D1 [44] . However, this study showed no obvious relationship between the psbD expression and freezing tolerance of tea cultivars (Figure 2) . These results suggest that the freezing-induced decrease in Fv/Fm of the freezing sensitive tea cultivar might be a consequence of its weak dynamic capacity to balance the synthesis and loss of D1 protein. Analysis of the expression of gene psbA encoding the D1 is considered to be used as a selection tool for freezing tolerance of photosynthesis in tea breeding.
Furthermore, the agronomic measures that could promote the expression of psbA will be beneficial to enhance the freezing tolerance of crops. There was a study showing that the gene WHY1 binding to the upstream region of psbA enhanced the cold tolerance of tomato by increasing the de novo synthesis of D1 protein and maintaining the function of PSII in chloroplasts [45] . The application of chitooligosaccharides could enhance cold tolerance of rice by repairing the photodamaged PSII through upregulating psbA [46] . This technique is worth trying in the high latitude tea growing areas with severely freezing winter.
Tea leaf contains both TP and polyphenol oxidase (PPO). In the intact leaf, the TP which is suspended in the vacuoles is separated from the PPO that is bound to the thylakoid membrane. However, they will contact each other when the protoplasmic membrane systems were damaged by environmental stress, in which the PPO will catalyze the TP oxidation, resulting in the changes in leaf color from green to red brown. In selection of black tea cultivars, fresh tea leaves of various tested hybrid plants or clonal cultivars were placed in a sealed container with chloroform for e few hours, during which the protoplasmic membrane system of the leaves was injured by the chloroform vapour and the TP was oxidized, and then the fermenting abilities of the tested tea cultivars were assessed according to the redness of the leaves [24] . In the present study, the leaves on tea shoots were frozen at −15 • C for 2 h and then stood at room temperature for 5 h, during which the protoplasmic membrane systems in leaves on the freezing sensitive cultivars with high freezing point temperature were injured more seriously than the freezing tolerant cultivars, resulting in differentiation in TP oxidation and changes in the "green-red" indicator a on the Hunter color scale. That is why the "a" ratio of the frozen group to the control group (R a ) showed significantly regressive relationship to the freezing sensitivity index H (H = 30.03 − 10.82 R a , p < 0.01). This will provide a tool for instrumental screening freezing tolerant tea plants from a population of hybrid plant individuals.
Materials and Methods
Plant Materials
Plant materials used in the present paper were forty seven tea clonal cultivars with 8-year-old, grown in Tea Farm of Zhejiang University, Hangzhou, China (120.30 • E, 30.42 • N). The tea plants were planted in random block design, in which 15 plants in each block, with three replicates. On 24 January 2016, the lowest temperature was −10 • C ( Figure S1 ), which was the lowest temperature since 2011. The plants of various tea cultivars showed obvious differences in the freezing-induced injuries with the temperature increase. The freezing-induced injuries of these cultivars were differentiated in the middle of February 2016 when the temperature increased to 20 • C or above ( Figure S2 ). The field survey was carried out on 15 February 2016.
Investigation of Freezing-Induced Injuries
The plants (5 plants each block) for freezing-induced injuries investigation were randomly chosen, and then the healthy leaves and the freezing-induced injured leaves on the plants were counted separately. The freezing sensitivity index (H) was calculated by the following equation [47] :
Where the H is freezing sensitivity index, n i is the number plant with a freezing-sensitive score i in the five grading system (Table S2 ), x i is the freezing-sensitive score i in the five grading systems, N is the total plant number of the investigated cultivar, 4 is the highest score of i in the five grading system (Table S2 ). The freezing tolerance of a cultivar was evaluated based on the H value (Table S3) 
Freezing Treatment
Effect of Freezing Temperature on Changes in Leaf Color
The green color of fresh tea leaves will change into brown color when the protoplasmic membrane system in the leaf cells is damaged by stress conditions such as chloroform vapor, heating and freezing due to the oxidation of foliar TP [24] . To find an optimum temperature to treat the tea shoots for assessing the freezing tolerance of various tea cultivars, 25 tea shoots with an apex bud and six leaves were cut from each tea cultivar (cultivars 'FZ-0', '1-17', '4-63', and '1-10') and then randomly divided into five groups (5 shoots each). One group (5 shoots) was placed in a 500-mL beaker with 200 mL purified water at 20 • C (control group). The other four groups (five shoots each) were placed in refrigerators setting at −5, −10, −15, and −20 • C for 2 h, respectively, and then were took out and placed in 500-mL beakers containing 200 mL purified water at 20 • C as the control group, during which the changes in leaf color were observed every hour. The observation showed that little change in leaf color for treatments at −5 and −10 • C. The color of the frozen leaves treated at −15 and −20 • C changed obviously from second hour after placing in the 500-mL beaker containing water and the colors were stabilized after 5 h ( Figure S3 ). Therefore, in the subsequent freezing treatment, the tea shoots were frozen at −15 • C for 2 h and then stood in 500-mL beaker containing 200 mL purified water for 5 h before Fv/Fm testing and colorimetric testing.
Freezing Treatment of Various Tea Cultivars
Based on the above results, the control group (5 shoots each cultivar) was treated as before, and the tested group (5 shoots each cultivar) of shoots with an apex bud and six leaves were frozen at −15 • C for 2 h and then stood in 500-mL beaker containing 200 mL purified water for 5 h at room temperature before Fv/Fm testing and colorimetric testing, in which the fourth leaves beneath apex bud of the frozen and control groups were picked for testing.
Fv/Fm Testing
The maximum photochemical efficiency of PSII (Fv/Fm, the ratio of variable (Fv) to maximum (Fm) fluorescence (Fv/Fm = (Fm − F 0 )/Fm) in the frozen and control groups of each cultivar was determined using a Handy PEA fluorimeter (Plant Efficient Analyzer, Hansatech Instruments Ltd., King's Lynn, Norfolk, UK). The leaves were dark-adapted for 20 min before measurement. The values of Fv⁄Fm were read on the Handy PEA fluorimeter [25] , which were used to assess the PSII activity. Five leaves were tested for each treatment.
Test of Expression of Genes psbA and psbD
The expression of gene psbA encoding D1 protein and gene psbD encoding D2 protein was tested by real-time quantitative PCR (rt-qPCR). The extraction of total RNA and synthesis of cDNA were carried out by a previous method [48] . The rt-qPCR primers of psbA (genome ID: TEA001596.1) and psbD (genome ID: TEA011225.1) (Table S4) were designed according to the published reference genome [49] . The rt-qPCRs were conducted on a StepOne Plus Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) using PowerUp TM SYBR TM Green Master Mix (Applied Biosystems, Foster City, CA, USA) for the detection of PCR products. Each reaction was performed in a final volume of 15 µL, including 5.4 µL sterile deionized water, 7.5 µL SYBR Mix, 0.45 µL primer (600 nM ) and 1.2 µL cDNA template (60 ng). The thermal cycling conditions were 95 • C for 2 min, followed by 40 cycles of 95 • C for 3 s, 60 • C for 30 s with fluorescence detection at the end of each cycle and confirmation by melting curve analysis. The rt-qPCR test was generated using triplicate leaf samples and each sample was tested in technical triplicates. Each relative expression level was calculated using the 2 −∆∆CT method with β-actin gene as internal control [50] . The relative expression values were firstly normalized using β-actin gene as an internal reference. For plant materials for rt-qPCR, totally six clonal tea cultivars were chosen from the groups of highly freezing-tolerant, moderate freezing-sensitive and freezing-sensitive cultivars, respectively.
Colorimetric Testing
Indicators of L, a and b on the Hunter color scales for the leaves of the frozen group and control group were determined using an UltraScan VIS1195 HunterLab colorimeter (Hunter Associates Laboratory, Inc., Reston, VA, USA) according to the guidelines of the instrument.
Statistic Analysis
The biological repeat was 3 (blocks) and technical repeat was 5 (5 plants each block) in this study. Analysis of weighted means, standard deviation, Pearson's linear correlation coefficients, and linear regression was carried out on software IBM SPSS Statistics V20.
Conclusions
The freezing tolerances of tea cultivars are differentiated as normal rule distribution, in which a few are highly freezing-tolerant and freezing sensitive respectively, with most of them being moderate freezing-sensitive. Traditionally, freezing-tolerant tea plants were screened from a big population of hybrid tea plants after severely freezing weather, and this operation took a few years but the selection effectiveness was dependent on the weather conditions. Developing a feasible instrumental method for screening freezing-tolerant plant individuals from the tested breeding population will be significant for breeding highly freezing-tolerant tea cultivars. When tea shoots with six leaves and a bud were frozen at −15 • C for 2 h and then stood at room temperature (20 • C) for 5 h, the maximum photochemical efficiency of PSII (Fv/Fm), the expression of gene psbA encoding D1 protein in PSII CRs and leaf color indicator a on the Hunter color scale were obviously differentiated between tea cultivars with various freezing tolerances, among which the Fv/Fm ratio of the frozen group to control group (R Fv/Fm ) and the a ratio of frozen group to control group (R a ) showed significantly linear regressive relationship to the freezing sensitivity index (H) obtained by field surveys after severe freezing weather, with H = 60.31 − 50.09 R Fv/Fm (p < 0.01) and H = 30.03 − 10.82 R a (p < 0.01). These will provide instrumental tools for the assistant selection of freezing tolerant cultivars in the tea breeding program.
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